The usage of biopolymers in developing biodegradable materials for applications that meet demands in society for sustainability and environmental safety has been limited due to the poor mechanical and thermal properties of biopolymers. This study aimed to improve the limited properties of biopolymers, particularly polylactic acid (PLA) films, by investigating the effect of incorporating different concentrations (0-5 wt.%) of halloysite nanoclay and by adding glycerol plasticiser on the mechanical properties (tensile strength, elongation at break, Young's modulus, and toughness) and thermal properties (glass temperature (Tg), melting temperature (Tm), and crystalline temperature (Tc)) of the produced bio-nanocomposite films. It was found that the addition of halloysite nanoclay and glycerol improved the mechanical and thermal properties of the films. PLA films incorporated with 3 wt.% concentration of halloysite nanoclay resulted in optimum mechanical properties due to the uniform distribution or dispersion of halloysite nanoclay. The addition of halloysite nanoclay and glycerol reduced the Tg, Tm, and Tc of the films, suggesting that they can improve the processability of the biopolymer. The bionanocomposite films produced in this work have the potential to replace non-biodegradable films due to the improved properties of the films.
Introduction
To date, the world is facing serious environmental problems caused by non-biodegradable materials such as plastic made from petroleum. As an alternative to replace the conventional non-biodegradable materials, biopolymer-based materials that exhibit a biodegradable property are being introduced. It is quite challenging to replace the conventional non-biodegradable materials with biopolymers due to the need to match the durability of the two. Like non-biodegradable materials, biopolymer materials must remain stable and be able to maintain their mechanical and thermal properties, as well as function properly during storage and for application purposes. Generally, biopolymers are polymers that occur naturally and can be discovered in living organisms, for example, plants and animals. Biopolymers have many functions such as barriers and coatings [1] . Biopolymers have attracted considerable attention because of their biodegradable properties [2] and have the potential to be commercialised to replace the non-biodegradable materials. However, biopolymers cannot stand alone to be used for all applications due to their relatively poor mechanical and thermal properties [3] . Thus, to improve the properties of the biopolymers, the concept of a nanocomposite has been introduced [4] .
The combination of a biopolymer and a nanofiller produces a bio-nanocomposite. A good distribution of nanofiller in the biopolymer matrix is a promising route to improve the properties of the biopolymer, such as mechanical, thermal, barrier, and physico-chemical properties. The high rigidity of the nanofiller and excellent affinity between the biopolymer and nanofiller at the interface can lead to a rigid bio-nanocomposite material, thus enhancing the mechanical and thermal properties of the bio-nanocomposite material [5] .
Polylactic acid (PLA) is one of the favourable biopolymers due to its renewable, biocompatible, and biodegradable properties. PLA can be obtained either by ring opening polymerisation of lactide or by direct polycondensation of lactic acid [6] . However, the mechanical and thermal properties of PLA do not allow the replacement of non-biodegradable materials in many application fields. Innovative methods to modulate the properties of PLA-based materials, such as preparation of bio-nanocomposite and plasticisation, need to be further developed and investigated.
Among the types of nanofillers that have been used to prepare bio-nanocomposites, nanoclays have attracted considerable attention due to their availability and low cost [7] . Nano-sized halloysite mineral clay or halloysite nanoclay is one the fillers that can be utilised to improve the properties of biopolymers. Halloysite nanoclay has been evaluated as assuring one-dimensional nanofiller for polymers due to its excellent hydrophilicity and small dimensions, which allow it to be readily dispersed in water [8] . Nonetheless, the mechanical and thermal properties of bionanocomposites are significantly dependent on the nanofiller concentration. The properties frequently improve with the addition of an optimum nanofiller concentration. Too high concentration of nanofiller will lead to a decrease in the properties of the films, typically due to agglomeration.
The addition of a plasticiser such as glycerol to the biopolymer and bio-nanocomposite can also improve the mechanical and thermal properties of the films, which will directly affect the processability, flexibility, and stretchability [9] . Although many studies have been undertaken to determine the effect of the addition of nanoclay [10, 11] and plasticiser [12, 13] on the properties of biopolymers, to the best of the knowledge of the authors, no study has been made to investigate the effect of both the concentration of halloysite nanoclay and the addition of glycerol on the mechanical and thermal properties of a PLA biopolymer. The knowledge of the effect on these properties is very much needed as a more thorough understanding could bring about improvement to industrial applications to replace the widely used non-biodegradable materials.
The aim of this study is to investigate the effect of an imperative parameter, which is the halloysite nanofiller concentration (0-5 wt.%), and the effect of the addition of a plasticiser, particularly glycerol, on the mechanical and thermal properties of the produced films. Mechanical properties that include tensile strength (TS), elongation at break (EAB), Young's modulus (YM), and toughness were determined using an Instron machine, while thermal properties that include glass transition temperature (Tg), melting temperature (Tm), and crystalline temperature (Tc) were determined using differential scanning calorimetry (DSC). A field emission scanning electron microscope (FESEM) was utilised to determine the morphology of the bio-nanocomposite films.
Materials and methods

Preparation of bio-nanocomposite films
The films were formed using the solvent casting method [14] . An amount of 5.0 g of PLA biopolymer resin (R&M Chemical, UK) was dissolved in 100 ml of chloroform (R&M Chemical) aided with a magnetic stirrer. Then, a predetermined amount (0, 1, 3, and 5 wt.%) of halloysite nanoclay (Sigma-Aldrich Co. LLC, USA) was added into the solution to produce films containing different concentrations of halloysite nanoclay. The halloysite nanoclay (aluminosilicate in 1:1 Al:Si ratio; tubular) has diameters ranging from 10 to 150 nm, surface area of 65 m 2 /g, pore volume of ~1.25 ml/g, refractive index of 1.54, and specific gravity of 2.53 g/cm 3 . The solution was then stirred with a magnetic stirrer (FAVORIT HS0707V2, Indonesia) for 1 h and then proceeded with an ultrasonic probe (Qsonica Sonicator Q500, USA) for 15 min to aid the dispersion of the halloysite nanoclay inside the PLA matrix. The mixture was poured into a 100-mm-diameter Petri dish and left to dry for 3 days under ambient temperature to allow complete evaporation of the chloroform. Then, the film was peeled off from the Petri dish and kept in a desiccator for further testing. In order to study the effect of the plasticiser, a fixed amount of glycerol (R&M Chemical) at 20 wt.% was added into the solution before the addition of the halloysite nanoclay.
Characterisation of bio-nanocomposite films
Morphology
The morphology of the bio-nanocomposite films was determined by means of FESEM (JEOL JSM-7600F, Japan) with an acceleration voltage of 2.00 kV.
Mechanical properties
The analysis was carried out using an Instron Universal Testing Machine (Instron model 5566, USA) according to the standard method of the American Society for Testing and Materials D882-97 (ASTM D882-97). Triplicate sample films were cut into 13-mm-wide and 64-mm-long strips. The sample film was clamped between the grips, and the experiment was run with a crosshead speed of 50 mm/min and an initial gauge separation of 50 mm. All the tests were carried out at room temperature. Tensile properties such as TS, YM, EAB, and toughness were determined.
Thermal properties
Thermal analysis was performed using DSC (DSC-7; Perkin Elmer, Shelton, CT, USA), which was calibrated using indium under an ultra-high-purity nitrogen atmosphere with a flow rate of 50 ml/min. An approximately 10 mg sample film was inserted into an aluminium pan and sealed. Then, the sample was heated up to 250°C with a heating rate of 5°C/min. The Tm and Tc were determined from the first heating scan, while the Tg was measured from the heating and cooling scans. Figure 1A shows the morphology of the bio-nanocomposite films produced with the addition of 3 wt.% halloysite nanoclay and glycerol, while Figure 1B shows the morphology of the bio-nanocomposite films produced with the addition of 5 wt.% halloysite nanoclay and glycerol. Comparing Figure 1A and B, it can be deduced that the halloysite nanoclay was dispersed more uniformly when the concentration of halloysite nanoclay was 3 wt.% ( Figure 1A ) compared to 5 wt.% ( Figure 1B ) despite some agglomeration starting to form. The obvious agglomeration of halloysite nanoclay can be evidenced from Figure 1B. Figure 2 shows the TS of PLA films at different concentrations of halloysite nanoclay with and without the addition of glycerol. TS measures the maximum stress that a film can withstand being stretched before cracking [15] . The figure shows that the TS increased with the addition of halloysite nanoclay into the film. The value of the TS for films without the addition of glycerol plasticiser but with the addition of 0, 1, 3, and 5 wt.% of halloysite nanoclay were 19.5, 31.0, 31.3, and 28.0 MPa, respectively. As can be seen from Figure 2 , without the addition of glycerol, the bio-nanocomposite films with the addition of 1 and 3 wt.% concentration of halloysite nanoclay exhibited the highest and about the same TS values, respectively, compared to the others. The TS increased by about 61% when the concentration of the halloysite nanoclay was increased from 0 to 3 wt.% and the TS decreased with a further increase to 5 wt.%. The TS for films with 0, 1, 3, and 5 wt.% halloysite nanoclay concentration produced with the addition of glycerol were 15.2, 17.1, 24.0, and 21.8 MPa, respectively. The TS of the PLA film produced with the addition of glycerol increased by about 58% with the addition of 3 wt.% halloysite nanoclay and decreased slightly when the concentration of halloysite nanoclay was increased to 5 wt.%. However, the TS of the bio-nanocomposite films produced with and without the addition of glycerol at 5 wt.% concentration was still high compared to the neat PLA films. Figure 2 also shows that the TS of PLA/halloysite bionanocomposite films with the addition of glycerol was lower compared to without the addition of glycerol, thus demonstrating that the addition of glycerol decreased the TS of the PLA. Figure 3 shows the EAB of the PLA films at different concentrations of halloysite nanoclay produced with and without the addition of glycerol. EAB is the change in the original length of the sample film at break and indicates the flexibility of the film. The EAB for the films without the addition of glycerol was lower than the films that contained glycerol. The EAB values for the films that contained 0, 1, 3, and 5 wt.% concentration of halloysite nanoclay without the addition of glycerol were 0.2%, 10.5%, 11.7%, and 9.6%, respectively, while the EAB values for films that contained glycerol were 2.7%, 20.9%, 23.4%, and 20.9%, respectively. Figure 3 demonstrates that the addition of halloysite nanoclay improved the EAB of the PLA films. For the films with and without the addition of glycerol, the EAB increased from 0.2% to 11.7% and from 2.7% to 23.4%, respectively, as the halloysite nanoclay concentrations were increased from 0 to 3 wt.%. Then, the EAB decreased with a further increase in the halloysite nanoclay concentrations (3-5 wt.%). Similar to the TS, it is worthwhile to note that the EAB of the bio-nanocomposite films at 5 wt.% concentration was still high compared to the neat PLA films. Figure 4 shows a comparison of the YM of PLA/halloysite bio-nanocomposite films with and without the addition of glycerol. The YM is the slope of the linear section of the stress-strain curve where the film undergoes elastic deformation. The purpose of determining the YM is to measure the resistance deformation, which can be used to reflect the stiffness and strength of the film [9] . High YM values indicate the stiffness of the film where it requires high loads to elastically deform it. Low YM values correspond to flexible films, which require lower loads to elastically deform. Generally, Figure 4 shows that the YM values for the films produced without the addition of glycerol were higher than the films that contain glycerol. The YM values for the films that contain 0, 1, 3 and 5 wt.% concentration of halloysite nanoclay and without the addition of glycerol were 0.52, 1.67, 1.77, and 1.52 GPa, respectively, while the YM values for the films that contain glycerol were 0.95, 1.33, 1.22, and 1.10 GPa, respectively. It can be seen that films with the addition of 3 wt.% halloysite nanoclay produced with and without glycerol addition contributed to the increase of YM by about 240% and 28%, respectively, compared to the neat PLA films. Above 3 wt.% concentration of halloysite nanoclay, the YM value decreased. PLA/halloysite bio-nanocomposite films containing glycerol exhibited lower YM values as well as lower YM enhancement with the incorporation of halloysite nanoclay as compared to films produced without the addition of glycerol, indicating that the addition of glycerol reduced the stiffness of the films. Figure 5 shows the graph of toughness of the bionanocomposite films produced with and without the addition of glycerol. The toughness of the film was determined by the total area under the stress-strain curve, and is a measure of how much energy a sample can absorb before it fails or deforms without fracturing. High-toughness materials can absorb more energy before fracture, while low-toughness materials absorb less energy before fracture [9] . The values of the toughness for PLA/halloysite bio-nanocomposite films that contain 0, 1, 3, and 5 wt.% concentrations of halloysite nanoclay produced without the addition of glycerol were 26.5, 172.2, 176.8, and 138.7 MPa·m 1/2 , respectively, while the values of toughness for PLA/halloysite bio-nanocomposite films produced with the addition of glycerol were 154.7, 280.6, 231.5, and 172.0 MPa·m 1/2 , respectively. From Figure 5 , it can be seen that there was an increase in toughness of bio-nanocomposite films produced with and without the addition of glycerol. Films with 3 wt.% concentration of halloysite nanoclay produced with and without the addition of glycerol showed about 568% and 50% enhancement, respectively, in toughness compared to neat PLA films. However, a further increase in the concentration of halloysite nanoclay decreased the toughness of the film. Nonetheless, the toughness values of the bio-nanocomposite films were higher than those of neat PLA films. It can also be seen that films containing glycerol exhibited higher toughness enhancement when halloysite nanoclay was incorporated into the films compared to films produced without the addition of glycerol. 
Results
Morphology
Mechanical properties
Thermal properties
In this study, thermal analysis was conducted using DSC to investigate the thermal properties of the sample films. Table 1 tabulates the Tg, Tm, and Tc (DSC figures not shown) of the films produced without the addition of glycerol for different halloysite nanoclay concentrations. The Tg is associated with changes in the amorphous region of PLA from hard, glassy, and brittle to soft, rubbery, and flexible properties; Tc is the transition process from the amorphous to crystalline stage; and Tm determines the transition in the crystalline regions from solid to liquid state. These thermal properties play a vital role in determining the specific application of the film as well as affecting the application of the film. Generally, Tg, Tc, and Tm decreased with the addition of halloysite nanoclay. Tg decreased from 51.3°C to 43.3°C with the increase in halloysite nanoclay concentration from 0 to 5 wt.%. It can also be seen from Table 1 that Tc decreased from 120.5°C to 114.8°C with the increase in halloysite nanoclay concentration from 0 to 5 wt.%. Meanwhile, Tm also decreased from 154.4°C to 153.0°C when 5 wt.% halloysite was incorporated into the PLA matrix. Table 2 compares the Tg, Tc, and Tm of neat PLA and PLA/halloysite bio-nanocomposite films produced with and without the addition of glycerol. Table 2 demonstrates that the addition of halloysite nanoclay as well as glycerol decreased the Tg, Tc, and Tm of the films. 
Discussion
Morphology
A relatively uniform dispersion of halloysite nanoclay on the surface of bio-nanocomposite films produced with the addition of 3 wt.% halloysite nanoclay and glycerol ( Figure 1A ) was observed due to the ability of the halloysite nanoclay to disperse well at a low concentration. A good dispersion of halloysite nanoclay in the PLA polymer matrix was expected to improve the mechanical properties of the films. However, as the concentration was increased to 5 wt.%, the presence of excess halloysite nanoclay started to accumulate and form agglomerates in the film ( Figure 1B) , which may not be desirable for property enhancement. Nano-sized fillers have a strong tendency to agglomerate compared to submicrometre-sized fillers due to their large surface area. Agglomeration is generally due to the van der Waals attraction forces between the fillers. Thus, the concentration of the nanofiller is an imperative parameter that will affect the dispersion of the filler in the film matrix. Too high concentration of nanofiller usually results in agglomeration that is not desirable for property enhancement. Too low a concentration may lead to good dispersion of nanofiller but may not be sufficient to achieve optimal properties of the films. Thus, the optimal concentration needs to be determined.
Mechanical properties
The increase in TS ( Figure 2 ) and toughness ( Figure 5 ) of PLA films with the addition of halloysite nanoclay for both bio-nanocomposite films produced with and without glycerol addition was due to the fact that the halloysite nanoclay bonded with the hydroxyl group or other possible hydrogen or the van der Waals bond of PLA macromolecules, thus strengthening the molecular forces between the halloysite and the PLA [16] . Bishnu et al. [17] implied that the synergistic toughening effect of the addition of nanoclay into the PLA matrix may be due to the better interfacial interaction and unique molecular microstrength. The TS, EAB, YM, and toughness of the films ( Figures  2-5) increased at a low level concentration of halloysite nanoclay (1-3 wt.%) and decreased with increasing concentration (5 wt.%) of halloysite nanoclay. This trend was observed for both bio-nanocomposite films produced with and without glycerol. This was because the clay was dispersed more uniformly throughout the polymer matrix at a low concentration, as evidenced in Figure 1A ; thus, there was increased surface attraction between the clay and the polymer matrix due to better stress transfer across interfaces in the PLA matrix. Good dispersibility of the halloysite nanoclay in the polymer matrix is crucial to ensure enhancement of the TS, EAB, YM, and toughness. According to Zaidi et al. [18] , nanoclay incorporation into the PLA matrix could lead to a large increase in the mechanical properties of nanocomposites even if the filler content is as low as a few weight per cent. The incorporation of a small amount of halloysite nanoclay can be attributed to a significant degree of intercalation and a non-negligible degree of exfoliation, resulting in a greater filler PLA matrix interfacial area, thus high TS, EAB, YM, and toughness.
Above 3 wt.% concentration of halloysite nanoclay, the attractive forces between the nanoclay and the polymer matrix were disturbed by the tactoid form of the nanoclay [14] . The high halloysite nanoclay concentration decreased the mechanical properties of the PLA/ halloysite bio-nanocomposite film due to the presence of the excess halloysite nanoclay that accumulated and formed agglomerates in the polymer matrix, as can be evidenced from Figure 1B [19] . The agglomerate acted as stress-centralised points, leading to deteriorating properties of TS and toughness. The agglomerates that developed promoted the formation of premature cracks due to the poor adhesion between the nanofillers and the matrix, which reduced the TS and toughness of the nanocomposites [20] . Apart from that, agglomeration reduced the stiffness of the film, which was related to the YM. Agglomeration abated the efficiency of the reinforcement and caused a reduction in the YM. According to Pandey et al. [21] , a well-developed polymer/clay bio-nanocomposite will result in a high increase in mechanical properties compared to the pure polymer matrix as a uniform dispersion of the nano-sized clay particles produced an ultra-high interfacial area and ionic bonds between the nanoclay and the host polymer.
In terms of EAB, at low concentrations of nanoclay ( ≤ 3 wt.%), the EAB was directly related to better surface interaction and strong adhesion between the PLA matrix and the nanoclay [22] . This helped improve the stress transfer when a load was applied. However, an excess amount of nanoclay (5 wt.%) caused the PLA matrix and nanoclay filler to be saturated [23] . As more halloysite nanoclay was added, agglomeration started to occur and tended to become larger ( Figure 1B) . The agglomeration caused the distance between the PLA molecules to increase and caused the formation of voids due to poor interaction between the PLA molecules and the halloysite nanoclay filler. The presence of the voids acted as weak points that reduced the reinforcing effect and led to localised stress concentration during deformation [24] . The flexibility of the film decreased because there existed a high restriction of mobility of the polymer strands due to the large accumulation/agglomeration of nanoclay resulting from the high concentration of nanoclay [25] and hence the high EAB.
However, it is worth noting that the TS, EAB, YM, and toughness of the bio-nanocomposite films at 5 wt.% concentration were still high compared to neat PLA films, which demonstrated that the addition of halloysite nanoclay contributed to the enhancement of the mechanical properties of the films, despite the agglomeration.
Meanwhile, the addition of glycerol decreased the TS and YM but increased the EAB and toughness of the films (Figures 2-5 ). PLA is a semicrystalline polymer that is quite brittle, stiff, has limited extendibility, and the fracture mechanism is mainly due to the craze fracture of PLA. The plasticised PLA increased the PLA chain mobility; thus, it decreased the stress required for craze initiation and growth, which resulted in a lower TS [26] . As expected, the EAB, which is related to chain mobility, increased with the addition of glycerol. The glycerol plasticiser has the ability to weaken the intermolecular forces between the adjacent macromolecules and increase the free volume, thus causing a reduction of TS and YM but an enhancement of the EAB and toughness.
The moisture content of the film increased because its highly hygroscopic nature tended to attract more water into the structure of the films, which resulted in the reduction of the forces between the adjacent macromolecules [27] and led to an increase in the flexibility of the film [28] . The capability of the plasticiser to increase the free volume between polymeric chains led to a dramatic enhancement in the ease of movement of the polymeric chains with respect to each other [29] . As the presence of glycerol plasticiser affected the movement of the PLA chains, the film lost its stiffness and became more flexible, hence the low YM. The improved flexibility of the films meant more energy was needed to deform or break the films, which resulted in high toughness values. Therefore, the addition of the plasticiser also resulted in the improvement of the processability and toughness of the films [30] .
Furthermore, a plasticiser is denser than the film. Thus, it facilitated the movement of polymer chains under stress, resulting in an increase in elongation and a decrease in TS [31] . According to Torabi and Mohammadi [32] , the flexibility of the films was also related to the interaction of the macromolecules, which could be increased by the addition of plasticiser. The plasticiser reduced the internal hydrogen bonding within the PLA due to its characteristic of being hydrophilic, thereby decreasing the internal forces and increasing the intermolecular spacing [1] . Appropriate TS, flexibility, YM, and toughness are vital criteria for applications of the films to withstand the normal stress encountered during handling, shipping, and transportation.
Thermal properties
Generally, Tg, Tc, and Tm decreased with the addition of halloysite nanoclay ( Table 1) . The Tg decreased due to the reduction of entanglements and interactions of PLA polymer chains due to the halloysite inclusions [33] . The decrease in Tg with the increase in concentration could also be associated with the agglomeration of halloysite nanoclay at high concentration, which induced inhomogeneity in the blends. The occurrence of agglomeration due to the less effective dispersion of nanoclay indicated unrestricted mobility of the polymer, particularly the PLA segments, and hence a low Tg [34, 35] .
Tc decreased with an increase in halloysite nanoclay concentration because the halloysite nanoclay acts a nucleating agent in PLA that lowered the Tc [19] . Tm also decreased with an increase in halloysite nanoclay concentration. According to Gordon [36] , the Tm and Tg were governed by the strength of intermolecular forces, as well as by the degree of the flexibility and length of the chain. The polar side such as the hydroxyl group favours high Tm and Tg because they enhance the strength of the intermolecular bonds. As the TS of the films decreased at 5 wt.% concentration of the halloysite nanoclay, it was expected that the Tg and Tm would decrease as well. The decrease in the melting point with the incorporation of halloysite nanoclay may be attributed to a decrease in structural regularity of PLA in the presence of the nanofiller [37] . Table 2 demonstrates that the addition of glycerol to the films decreased the Tg, Tc, and Tm of the films. The decrease in Tg highlighted the effect of the plasticiser in PLA compositions, which increased the molecular mobility. The plasticising effect has been confirmed by the modification of Tg, which decreased significantly in comparison to the neat PLA matrix [38] . The addition of plasticiser resulted in polymer chains and spaces between the polymer chains to move apart from each other, thus increasing the free volume. Moreover, the increase in moisture content in the PLA due to the hygroscopic property of glycerol that tended to absorb water resulted in the formation of hydrogen bonds with the polymeric chains, which increased the distance between the polymeric chains and thus increased the free volume. This may have caused the polymer chains to slide past each other more easily. Thus, the polymer chains could move around at lower temperatures, resulting in a decrease in the Tg of the polymer.
The addition of glycerol also lowers the Tc of the films. Enhanced chain mobility increased the rate of crystallisation, which allowed the PLA to crystallise at a lower temperature [39] . Furthermore, the addition of plasticiser enhanced the chain flexibility, which is a measure of the ability of a chain to rotate about the chain bond. Plasticiser addition also resulted in lowering the energy required to change from solid to liquid state, thus lowering the Tm.
Conclusion
The effects of halloysite nanoclay concentration and the addition of glycerol on the mechanical and thermal properties of PLA/halloysite bio-nanocomposite films prepared using the solvent casting method were investigated. It was found that the addition of halloysite nanoclay and glycerol improved the mechanical and thermal properties of the films. PLA films containing 3 wt.% halloysite nanoclay exhibited optimum mechanical properties in terms of TS, EAB, YM, and toughness due to the uniform distribution of halloysite nanoclay in the PLA matrix. However, the mechanical properties of the film deteriorated when the halloysite nanoclay concentration was further increased to 5 wt.% due to agglomeration resulting from the high halloysite nanoclay concentration. Nevertheless, the mechanical properties of the bio-nanocomposite film at 5 wt.% concentration were still high compared to those of the neat PLA films. The addition of glycerol to the bio-nanocomposite films reduced the TS and YM, but increased the EAB and toughness, due to its hygroscopic nature that contributed to the reduction of intermolecular forces between the adjacent macromolecules, thus leading to an increase in the free volume.
Meanwhile, the addition of halloysite nanoclay and glycerol reduced the Tg, Tc, and Tm of the films because of the reduced entanglements and interactions of the PLA polymer chains through halloysite inclusion and glycerol addition, which increased the free volume. The decrease in Tg, Tc, and Tm with the increase in halloysite nanoclay concentration could also be associated with the agglomeration of halloysite nanoclay at a high concentration that decreased the structural rigidity of the bio-nanocomposite films, hence the low Tg and Tm. The halloysite nanoclay also acted as a nucleating agent in the PLA that lowered the Tc. A low Tg, Tc, and Tm indicated an improvement in the processability of the biopolymer.
Overall, the bio-nanocomposite films produced in this study exhibited an improvement in mechanical and thermal properties and thus demonstrate the potential to replace the non-biodegradable films that are known to contribute to disposal problems and environmental pollution.
